The nuclear shell model, based on experimental observations near the valley of stability, has guided our studies and understanding of the nuclear quantum many-body system for decades. With the development of accelerators and isotope separators, exotic isotopes far from stability became accessible experimentally, revealing interesting phenomena, such as shape coexistence near closed shells and reduction in the energy of shell gaps as a function of proton or neutron number. Those observations challenge the persistence of the established "magic numbers", and at the same time, drive the improvement of various theoretical models. The interplay between the stabilizing effect of a closed shell on one hand and the residual interactions between protons and neutrons outside closed shells on the other hand, leads to the concept of 'shape coexistence', where normal near-spherical and deformed structures coexist at low energy [1, 2] . The deformed structures appear as multi-particle multi-hole (mp-mh) excitations of protons or neutrons across a "closed" shell gap [2] . These so-called 'intruder' configurations become low in energy in isotopes with a nearly closed neutron (or proton) shell, and with the partner nucleon having a near-mid-shell nucleon number. Their excitation energy is strongly reduced due to the gain in correlation energy in these mid-shell regions. These deformed intruder states even become the ground state in regions where the shell gap is reduced (e.g. in the island of inversion [3] ). In the recent review by Heyde and Wood [2] , an overview is given in Fig. 8 of regions where shape coexistence has been established. Shape coexistence at low energy appears all over the nuclear chart, always along closed shells and away from the doubly-magic isotopes. For example, along proton closed shells Z = 82 and Z = 50, the shape coexistence has been well established by a combination of various experimental techniques [4] [5] [6] . In the case of neutron-closed shells, experimental evidence for shape coexistence has been observed along N = 20 [7] [8] [9] [10] , along N = 28 [11] [12] [13] as well as along the sub-shell gap N = 40 [10] .
Along the next neutron closed shell N = 50, experimental evidence of shape coexistence has not been reported so far, although intruder mp-mh states have been observed in some N = 49 isotones near the proton midshell around Z = 34 [1] . Low-lying intruder states with spins 1/2 + and 5/2 + were first seen in 83 34 Se via the (d,p) transfer reaction [14, 15] , and subsequently discussed in the decay spectroscopy work of Meyer et al. [16] . Similar intruder states were also observed in the 81 32 Ge isotope [17] , one of which is an unexpected long-lived 1/2 + isomeric state, although a 1/2 − isomer with a ν2p 38 Sr). In the latter isotones, the intruder 1/2 + level appears at a higher energy and its excitation energy decreases from Z = 38 to Z = 34 [16] . In 81 Ge, this level sits below the normal 1/2 − level and therefore is isomeric (half-life: 7.6 s), indicating a possible shape coexistence in this region [1] . Early theoretical calculations in a Coriolis-coupling model by Heller et al. [18] showed that a deformation of β ∼ 0.2 is needed to explain low energy levels in N = 49 nuclei. Recently, a transfer reaction study reported on the existence of positive-parity levels in 79 Zn [19] , one of which is isomeric (half-life was not measured) with a tentative spin/parity of 1/2 + . As pointed out in Ref. [2] , the magnetic moment is an important probe of the single-particle nature of nuclear states, while the isomer shift provides information on the relative mean square charge distribution of isomeric states. The combination of both observables can be used to identify and characterize shape coexisting structures.
This Letter reports on the first measurement of nuclear spins and moments of the ground-and long-lived isomeric states in 79 Zn and more significantly, the substantial increase in charge radius extracted from the isomer shift.
Neutron-rich zinc nuclei were produced in a thick UCx target using 1.4 GeV protons. The 79 Zn nuclei were then resonantly ionized by the Resonant Ionization Laser-Ion Source (RILIS) [24] , was accelerated up to 30 keV and then separated by the high-resolution HRS separator. By using a gas-filled radio-frequency quadrupole ISCOOL [25] , the 79 Zn ions were cooled and bunched for typically 200 ms, and then delivered into the collinear laser spectroscopy (COLLAPS) setup [26] as a bunch of 5 µs temporal length. In order to access a relatively strong transition for efficient spectroscopy, the metastable 4s4p 3 P 2 state in the Zn atom was populated via a charge exchange process using sodium vapour, with a neutralisation rate of about 50%. Laser spectroscopy was performed using a frequency doubled cw Ti:Sa laser, which was locked to 480.7254 nm to match the Doppler shifted 4s4p 3 P 2 → 4s5s 3 S 1 transition. By scanning the voltage applied to the charge exchange cell, the velocity of atoms in the fluorescence detection region was varied, in order to search for a resonant excitation of the hyperfine transitions. The emitted fluorescence photons from the laser-excited atoms were collected by four photomultiplier tubes, and recorded as a function of the scanning voltage to obtain the hyperfine structure (hfs) spectra of the Zn isotopes.
Typical hfs spectra for 79,79m Zn are shown in Fig. 1 . For a state of nuclear spin I = 1/2, there are only three hyperfine transitions, as illustrated in the top of Fig. 1 . The hyperfine spectra of state with spin I ≥ 5/2 will contain nine resonance peaks. All the resonance peaks observed for the ground state of 79 Zn, which has a suggested spin of 9/2, are denoted by asterisks. The three resonance peaks denoted by diamonds correspond to the hfs spectrum of the isomer 79m Zn. These resonances have been further confirmed by separated scans around each resonance, as shown in the insert of Fig. 1 . Therefore, spin 1/2 can be firmly assigned to this isomeric state, which was observed before in a transfer reaction experiment [19] . No measurement or estimation of the half-life for this isomer in 79 Zn has been reported. The observation of the hfs spectrum of the isomeric state in this work establishes a long-lived nature of the isomer for the first time. Indeed, we have measured the ratio of the strongest resonance peaks in the two hfs spectra for different accumulation times in the RFQ (50 ms, 100 ms and 200 ms) after the proton trigger. No significant change in the intensity ratio has been observed, which suggests that the isomeric half-life must be more than 200 ms, as is the lifetime of the ground state (746 ms [27] ).
The positions of resonance peaks in the spectra of Fig. 1 are related to the hyperfine structure constants, the nuclear spin, and the centroid of the transition. Using a χ 2 minimization routine (MINUIT), the resonance peaks in the hfs spectra of both ground and isomeric states were fitted with Lorentzian line profiles (blue solid line in Fig. 1 ) following the procedure described in Ref. [28] . In the fitting procedure, different spins were assumed for the ground state of 79 Zn, but only spin 9/2 can reproduce all resonance peaks with a reasonable reduced χ 2 (∼1.2), thus firmly establishing I = 9/2 for this state. The hfs constants for both atomic states A( 3 P 2 ), B( 3 P 2 ) and A( 3 S 1 ), the centroid of the transitions and the nuclear spins were extracted from the fitting, as listed in Table I 79,79m Zn and 67 Zn and the extracted nuclear moments relative to the high-precision values of 67 Zn [20] [21] [22] . (Table I) . Nuclear magnetic moments, and in particular the related g-factors (g = µ/I), are a sensitive probe of the configuration of the wave function in near-magic isotopes. In order to study the occupied orbit of the unpaired valence-neutron particle/hole, experimental g-factors of Zn isotopes and isomers [21, 29, 30 ] are compared to effective single-particle g-factors in Fig. 2 . The effective single-particle g-factors (dashed line in Fig. 2 ) for each orbit are calculated using g s = −2.6782 (g eff = 0.7g free ) and g l = 0, which are the typical values used for the pf g shell [31] . From 65 Zn → 79 Zn, the unpaired valence neutrons are expected to gradually fill the ν1f 5/2 , ν2p 1/2 , ν1g g/2 orbits. The isotopes 65,67 Zn have g-factors close to the effective single-particle g-factor of the ν1f 5/2 orbit, suggesting a ν1f n 5/2 configuration for both 5/2 − ground states. The isomeric state g-factors of 69m,71m Zn with spin 9/2 + are close to the effective g-factor value for an unpaired neutron in the ν1g 9/2 orbit.
With a single hole in the ν1g 9/2 orbit with respect to the closed N = 50 shell gap, the ground-state g-factor of 79 Zn is close to its effective single-particle g-factor. This is also closely reproduced by large scale shell-model calculations using jj44b/JUN45 ( 56 Ni core and pf 5/2 g 9/2 shell) effective interactions [31, 32] , yielding µ jj44b/JUN45 = −1.173/−1.185 µ N , in good agreement with the observed value −1.1866(10) µ N . The large negative g-factor for the I = 1/2 isomer 79m Zn excludes the ν2p 1/2 as a possible configuration (upper dashed line in Fig. 2 ). Looking at the single particle g-factors for all relevant neutron orbits below and above the N = 50 shell gap (Fig. 2) , only the positive parity ν3s 1/2 orbit has a strong enough negative value to account for the experimental number. This supports the earlier proposed positive parity of the 1/2 isomer in 79 Zn [19] . The deviation of the experimental gfactor from the single particle ν3s 1/2 value suggests some mixing with a configuration where the neutron is excited into the other positive-parity ν2d 5/2 orbit (where it couples to a 2 + proton or neutron configuration to form a 1/2 + state). Thus the experimental magnetic moment and g-factor are consistent with a 2h-1p intruder configuration with a dominant ν(1g Note that also 4h-3p configurations with unpaired particles in these same orbits would lead to a similar magnetic moment and such mp-mh configurations can therefore not be excluded. To quantify the mixing and the amount of mp-mh configurations in the wave function, further development of larger scale state-of-the-art shell-model calculations, including not only the ν2d 5/2 [33, 34] but also the ν3s 1/2 orbit, is needed.
A remarkable result from this work is the large isomer shift observed for 79m Zn, which proves a large increase of the rms charge radius with respect to its ground state. From the fitted centroid of the spectra in Fig. 1 , the isomer shift δν 79,79m = 61.3(31) MHz, between the ground and isomeric state, is obtained. To extract the change in the rms charge radii of 79,79m Zn, the fieldshift and mass-shift factors, F = +301(51) MHz/fm 2 and K MS = +59(18) GHz u, are determined from a King plot process using the known rms charge radii of stable isotopes ( 64,66−68,70 Zn) from an independent measurement [23, 35] . The extracted difference in the rms radii is r The error in the square brackets corresponds to the systematic contribution associated with the uncertainty on the atomic factors. A similarly large increase has been observed previously in the rms charge radii difference between the Thallium ground states and their intruder isomeric states [36] . In this region the phenomenon of shape coexistence [37, 38] . The rms charge radii of Zn isotopes (from [39] and this work) are plotted in Fig. 3 , along with calculated rms charge radii by Wang and Li [40] . The rms charge radius of the ground state of 79 Zn follows the general trend predicted by this phenomenological model. However, a notably larger rms charge radius is observed for the intruder isomeric state, pointing to a larger deformation. The 79 Zn ground state deformation can be deduced from its measured quadrupole moment (Table I) . Assuming a strong coupling with Ω = I in Eq. 20 of Ref. [41] , we find β 2 = 0.15 (2) . Although it could be accidental, we notice that the same deformation has been deduced from the measured B(E2 ↑) transition probabilities in the eveneven neighboring isotopes 78,80 Zn: β 2 2 1/2 = 0.15(2) and β 2 2 1/2 = 0.14(2) [42] . Using the deduced ground state deformation, we can now estimate the deformation of the isomeric state, by assuming that its increased charge radius is due to an increase in deformation, using equations (17) and (18) from Ref. [28] . Neglecting a possible increased mean square spherical radius, we find that the larger rms charge radius of the 1/2 + isomer corresponds to an increased deformation of β 2 2 1/2 ∼ 0.22. This larger deformation can be interpreted as due to the intruder (mp-mh) nature of the isomeric state. The gain in correlation energy in these mp-mh excitations across the N = 50 shell gap strongly reduces the energy of the intruder isomeric states [2, 43] . Due to excitations of neutrons across the N = 50 gap, the additional holes in the νg 9/2 orbital drive the intruder state into deformation. Therefore this result provides a first signature of shape coexistence at low energy in 79 Zn.
Considering that
79 Zn is only 2 protons above 78 Ni, the energy systematics of the isomeric levels in the Zn isotopic chain (Fig. 4a from Refs. [19, [44] [45] [46] [47] ) as well as along the N = 49 isotones (Fig. 4b from Refs. [1, 17, 19] ) is instructive to study the possible 'magic' nature of 78 Ni. The spin/parity for both ground-and isomeric levels in the Zn isotopes are only tentatively assigned from 73 Zn onwards. Note that the ground states of the isotopes beyond N = 40 are suggested not to have I π = 9/2 + , which would be expected in a naive shell model picture with a normal filling of the orbits. Only for 79 Zn, the ground state spin/parity is 9/2 + , as confirmed here. Thus only the one-neutron-hole configuration with respect to N = 50 behaves like a single-particle. The 1/2 − state, proposed as the ground state in 71,73 Zn, appears in the heavier isotopes up to N = 47 as a long-lived isomeric state. In 79 Zn, the 1/2 − level appears above the positive-parity levels, and the lower-lying intruder level with spin 1/2 + becomes isomeric [19] , with a lifetime of several hundreds of milliseconds as discussed above.
Note that there is a rather large uncertainty on the energy of the 1/2 + isomer, indicating that the isomer might possibly be located below the 5/2 + state and thus below 1 MeV, as is the case in 81 Ge and 83 Se (Fig. 4b) . In such a case, from the Weisskopf estimate, a few hundred ms half-life would indeed be expected for an E4 transition (1/2 + → 9/2 + ), consistent with our observed lifetime. Conversely, if the isomer is located above the 5/2 + state, based on the Weisskopf estimate, it should be less than 15 keV above this level (so still below 1 MeV) to obtain an E2 transition (1/2 + → 5/2 + ) that leads to a few hundreds ms isomer.
This unexpected slow increase of the intruder state energy from the minimum at Z = 34 to less than 1 MeV at Z = 30, contrary to the steep increase towards more than 2 MeV at Z =38, may challenge the magicity of the "double magic" isotope, 78 Ni.
In summary, the hfs of the ground and isomeric states [19, [44] [45] [46] [47] . (b) Odd-mass N = 49 level systematics, partially adopted from Refs. [1, 17] . The levels with a thick solid line are the long lived isomeric states, and the diamonds mark the 1/2 + and 5/2 + intruder states. The firm spin assignment for the 79 Zn levels are from this work.
of 79 Zn were measured for the first time. The data confirm the long-lived isomer with a few hundreds milliseconds half-life, and establish the spin-parity 9/2 + and 1/2 + for the ground and isomeric states. The intruder nature of this isomer has been revealed from its g-factor, which is closer to the neutron single-particle value of ν3s 1/2 orbital. While the g-factor of the 79 Zn ground state is well accounted for by shell-model calculations including only the pf 5/2 g 9/2 neutron orbits, a larger model space is required to account for the isomeric state gfactor. Furthermore, the large rms charge radius of the isomer relative to that of the ground state is linked to a larger deformation of the isomer, providing evidence for shape coexistence in 79 Zn. The slow increase of the intruder state energy towards Z = 28, together with the unexpected appearance of shape coexistence near a supposedly 'doubly-magic'
78 Ni, challenges the magicity of 78 Ni. Further theoretical and experimental investigations are encouraged in this region. For example, Coulomb excitation of the isomeric state could give complementary information on its deformation. A measurement of the half-life and the exact energy of the 1/2 + state in 79 Zn, the measurement of the 1/2 + isomeric state properties in 81 Ge, and a study of the low-lying level properties in 77 Ni will help to further enhance our understanding of 2h-1p intruder states induced by neutron excitations across N = 50.
